Introduction {#sec1}
============

Two billion people worldwide have vitamin and mineral deficiencies ([@bib1]). In 2008, it was estimated that almost 25% of the world\'s population is suffering from anemia, of which iron deficiency (ID) is the most significant common cause ([@bib2]). It is estimated that 35--65% of the anemia burden in low- and middle-income countries is attributable to ID. The prevalence of anemia is highest in the Central and West African region at 48% in nonpregnant women and 56% in pregnant women. In Nigeria, nearly 50% of women of reproductive age are anemic ([@bib3]).

Studies show that iron fortification can be an effective strategy against nutritional ID ([@bib1]). Condiments, spices, seasonings, and bouillon cubes are increasingly recognized as suitable food vehicles for fortification as they are widely consumed on a regular basis and are accessible and affordable for low-income consumers including those who are living in remote areas ([@bib4], [@bib5]). Moreover, a recent systematic review has demonstrated that iron fortification of condiments is associated with increased hemoglobin concentrations, improved iron status, and reduced anemia across targeted populations ([@bib6]).

For iron fortification of bouillon cubes, ferric pyrophosphate (FePP) has been the proposed form of iron, but technical challenges, such as sensory changes and segregation were still expected ([@bib1]). Previously, tetra sodium pyrophosphate (NaPP), a common food additive which can form soluble complexes with iron, has been found to overcome these technical challenges, resulting in a more stable product. The bioavailability of FePP tends to be low in humans ([@bib1]), however, a recent study showed that NaPP can also help to increase the bioavailability of FePP. In that study, conducted in Swiss women with a low iron status, the addition of NaPP to FePP in a bouillon drink improved relative iron bioavailability by 46% compared with FePP alone ([@bib7]). However, this study did not take habitual meal consumption into account and therefore the influence of dietary factors could not be assessed. In West Africa, bouillon cubes are most often used in stews that are consumed with staple foods, such as rice, sorghum, and yam and may therefore contain large amounts of phytate and polyphenols which are known to inhibit iron absorption. On the other hand, there may be dietary factors present in these meals such as vitamin C and muscle tissue that are known to enhance the uptake of iron ([@bib8], [@bib9]). Furthermore, it would be of interest to assess whether the bioavailability of FePP could be further improved by adding more NaPP in order to establish an optimized NaPP: Fe ratio for bioavailability. In the study by Cercamondi et al. ([@bib7]), molar ratios of NaPP: Fe of 1:1 and 0:1 were assessed. However, in vitro data assessing the dissolution behavior of FePP in the presence of NaPP showed that ratios of NaPP: Fe above 1:1 improved the solubility of FePP, suggesting that iron absorption could be further improved because multiple pyrophosphate ligands per iron cation would be available to form soluble complexes ([@bib10]).

Therefore, the current study was designed to assess a dose-response effect of NaPP on the bioavailability of iron from FePP-fortified bouillon cubes with 3 different molar ratios of NaPP: Fe (0:1, 3:1, and 6:1) in Nigerian women consuming a typical Nigerian diet, using stable isotope techniques. Secondly, the iron bioavailability of the 3 treatments was assessed.

Methods {#sec2}
=======

Subjects {#sec2-1}
--------

The study was conducted at Obafemi Awolowo University, Ile Ife, in Nigeria. Women were recruited by means of leaflets and posters distributed and posted in the surroundings of the research site, such as hostels for females, central market, students' union building area, parks, and gardens. In an information meeting by the study staff, women were informed about the screening and study procedures and were asked to provide consent before participation in the screening. Women (*n* = 161) were screened for eligibility using the following inclusion criteria: age 18--40 y, body weight ≤65 kg, serum ferritin concentration \<15 µg/L, apparently healthy as judged by a physician and willingness to participate in the study. Women were excluded if they did \>10 h/wk of intensive sport, consumed \>14 units of alcohol per wk, donated blood, had significant blood loss in the past 6 mo, or were severely anemic (hemoglobin \<80 g/L), reported use of any medically or self-prescribed diet, used medication (except oral contraceptives), used vitamin or mineral supplements \<2 wk before the study start or during the study, smoking ≤2 wk before the study start or during the study, were pregnant or planning pregnancy during the study period, were lactating ≤6 wk before the study start or during the study or had known gastrointestinal or metabolic disorders. Subjects who were found eligible were asked to give a second written informed consent for agreeing to participate in the study and subsequently received a deworming drug (albendazole \[Zentel\], 400 mg, single dose), 7 d before the start of the study. Out of the eligible and dewormed women, the first 24 subjects who came to the randomization visit of the study were finally included in the trial. The intervention period was May--July 2017.

The study was reviewed and approved by the Health Research Ethic Committee (HREC) Institute of Public Health, Obafemi Awolowo University, Ile-Ife, Nigeria. The study has been registered at the US National Library of Medicine (<https://www.clinicaltrials.gov>, NCT02815449; 28 June 2016). The study conduct was monitored at the study site by OnQ Research PTY LTD (Johannesburg, South Africa) throughout the screening and intervention phase.

Design {#sec2-2}
------

The study followed a double-blind, randomized, full cross-over design, in which each woman served as her own control and the 3 treatments were given in a random order. Women received a breakfast and lunch meal for 5 consecutive days that were prepared with a bouillon cube containing 1 of 3 treatments of ascending molar ratios of NaPP: Fe, including 0:1, 3:1, and 6:1. Subjects arrived having fasted in the morning to the study site to consume breakfast between 0900 and 0930 and stayed on site where they consumed lunch between 1300 and 1330. Meals were consumed under the full supervision of study staff. Leftover quantities were assessed by weighing plates before and after consumption of the meal. Subjects were allowed to drink water between and after meals and were instructed not to eat within 3 h after meal consumption. After the 5-d period of meal consumption, subjects had a period of rest for 16 d, followed by a second and third period of 5-d meal consumption and 16 d of rest, until all subjects had received all 3 treatments. Thus, subjects received the same series of 10 meals with each of the 3 treatments during each period, in total 30 meals. On the first day of each treatment period and at the end of the study, a blood sample was drawn and weight and height of the women were measured. Safety and tolerability of the study products and meals were assessed on the days that the subjects visited the study site by monitoring adverse events according to predefined criteria on severity and relatedness.

Preparation of meals {#sec2-3}
--------------------

Typical Nigerian meals were prepared for breakfast and lunch following a menu for the 5-d period of consumption (see **Supplemental Table 1**). Both breakfast and lunch consisted of a staple dish (such as rice, corn, bread, or yam), a stew made of bouillon cubes, tomatoes, red peppers, and a piece of beef, fish, or egg. The lunches also included a vegetable dish with amaranth leaves. Preparation of the meals was strictly separated by treatment to avoid any cross-contamination among the different treatments, using physically separated kitchen facilities and color-coded pots, and utensils in line with the color codes for the treatments. Per treatment and meal occasion, a total of 9 portions were prepared, of which 8 had to be consumed by the study participants and one portion was left for food composition analyses. Thus, in total, 27 portions were prepared per meal occasion, of which 24 were for consumption by the study participants and 3 were for food composition analyses.

Production of isotopically labeled bouillon cubes {#sec2-4}
-------------------------------------------------

Isotopically labeled ^57^FePP in powder form (particle size D\[4,3\]: 18.1 µm) was prepared by Paul Lohmann GmbH from isotopically enriched elemental iron (^57^Fe-metal: 96.7% enriched; Chemgas).

Bouillon cubes were made in a food-grade kitchen at lab scale at Unilever\'s Research & Development laboratory in Vlaardingen, The Netherlands, from ingredients that were sourced from Nigeria to closely match the commercial Nigerian consumer product. Bouillon cubes were produced as in the equivalent commercial product (salt, sugars, starch, vegetable fats, herbs, and spices) in a dry-blending protocol at 300 g scale. Ingredients were added in order of quantity required, starting with the largest amount by weight (salt), to a small stainless-steel bowl blender with K-mixer (Kenwood). NaPP (Na~4~P~2~O~7~; Innophos) at 0, 36, or 72 mg/cube and ^57^Fe at 2.52 mg/cube in the form of FePP were added in the final blending step, resulting in a 0:1, 3:1, and 6:1 molar ratio for equivalents NaPP: ^57^Fe. Blend homogeneity was monitored by visual inspection. From the blend, 4,000 mg was accurately weighed (±10 mg at maximum) and transferred to a stainless-steel die for immediate pressing with a fixed end-pressure to result in bouillon cubes (14 mm). Dose and uniformity of dose were checked via the total cube weight variation and by multiple, randomly selected cube iron analysis before final release. Per treatment type, bouillon cubes were packed and coded blind for the investigators.

Measurements of iron in the bouillon cubes at the end of the intervention {#sec2-5}
-------------------------------------------------------------------------

To measure the iron concentration (^57^Fe) in the bouillon cubes, remaining sachets with bouillon cubes from the study site in Nigeria, still coded, were shipped to Eidgenössische Technische Hochschule, Zürich, Switzerland to measure the amount of ^57^Fe in the bouillon cubes. For each treatment, 9 bouillon cubes were weighed and ground. Triplicate 4 g samples of the ground bouillon cubes were taken for ^57^Fe content analysis. Samples were boiled in 40 mL hydrochloric acid (16%) for 2 h, followed by evaporation to near dryness; 30 mL of nitric acid (65%) was then added to the residues, and the mixtures were boiled for 14 h, followed by the addition of 5 mL of hydrogen peroxide (30%) and further boiling for 2 h. The solutions were then diluted to 50 g with water. Iron concentration in aliquots of the mineralized samples was determined by flame atomic absorption spectrometry. To determine the iron isotopic composition, 3 g aliquots of the mineralized samples were evaporated to dryness, dissolved in 2 mL hydrochloric acid (6 M), and iron was isolated by anion-exchange chromatography and a subsequent precipitation step with ammonium hydroxide. Iron isotope ratios were measured by a multicollector-inductively coupled plasma-mass spectrometer (MC-ICP-MS). For each treatment, iron concentration and isotopic label abundance of the bouillon cubes were expressed as means ± SDs per 4 g bouillon cube and used for the calculation of iron bioavailability.

Blood sample analysis {#sec2-6}
---------------------

During the screening, a venipuncture was taken using the Becton-Dickinson vacutainer device and blood was collected into K~2~EDTA tubes (3 mL) for analysis of blood hemoglobin and in plain tubes (3 mL) for analyses of serum ferritin and C-reactive protein (CRP). Blood hemoglobin was measured within 2 h of collection using the SFRI H18 Light Automated Hematology analyser at the research site. The samples for serum ferritin and CRP analyses were centrifuged within 2 h of collection at 2,000 g for 15 min and 2 aliquots with serum of 500 µL each were labeled and stored at −20 °C. Within 2 d of collection, serum ferritin and serum high-sensitive CRP (HS-CRP) were determined using ELISA kits (Monobind Inc.) at the research site. Anemia was defined as hemoglobin \<120 g/L, ID was defined as serum ferritin \<15 μg/L ([@bib11]). Expected HS-CRP concentrations for healthy individuals was \<5 mg/L ([@bib12]).

During the intervention, a venipuncture was taken using the Becton-Dickinson vacutainer device and blood was collected into K~2~EDTA tubes (3 mL) for analysis of blood hemoglobin, in plain tubes (3 mL) for analyses of serum ferritin, soluble transferrin receptors, CRP and α1-acid glycoprotein (AGP), and in lithium heparin tubes (4 mL) for iron isotopes in blood. Blood hemoglobin was determined at the research site as described above. For analyses of the biomarkers in serum, samples were centrifuged within 2 h of collection at 2,000 g for 15 min and aliquoted into 4 samples of 200 µL each, which were labeled and stored at −20 °C. For analyses of iron isotopes, 2 aliquots of 200 µL each were labeled and stored at −20 °C. At the end of the study, serum and whole blood aliquots were shipped on dry ice to ETH Switzerland for analyses. Serum ferritin, soluble transferrin receptors, AGP, and CRP were measured using a combined Sandwich ELISA technique ([@bib13]). ID was defined as serum ferritin \<15 μg/L and/or serum soluble transferrin receptor concentrations \>8.3 mg/L ([@bib11]). Expected AGP and CRP concentrations for healthy individuals were \<1 g/L and \<5 mg/L, respectively ([@bib12]). Body iron stores (BIS) were calculated from serum ferritin concentration, transferrin receptors, and body weight following the Cook formula ([@bib14]).

Each isotopically enriched blood sample was analyzed in duplicate for its isotopic composition. Whole blood was mineralized by microwave digestion, and iron was separated by anion-exchange chromatography and a subsequent precipitation step with ammonium hydroxide ([@bib15]). Iron isotope ratios were determined by an MC-ICP-MS instrument (CV of independent blood samples was 0.008%) (NEPTUNE, Thermo Finnigan) ([@bib15]).

Calculation of iron bioavailablity {#sec2-7}
----------------------------------

The concentration of ^57^Fe-labeled isotopes in the blood were calculated based on the shift in iron isotope ratios in erythrocytes and the estimated amount of iron circulating in the body. The latter was calculated based on the blood volume estimated from height and weight ([@bib16]), the measured hemoglobin concentration, and the iron content of hemoglobin of 3.47 mg Fe/g ([@bib16]).

Anthropometric measurements {#sec2-8}
---------------------------

Height was recorded to the nearest cm using a stadiometer fixed to a wall and weight was recorded to the nearest kg using a Omron Digital Personal Scale HN289 Model weighing scale.

Food composition analysis of the meals {#sec2-9}
--------------------------------------

After preparation and plating out of the meals, the ninth meal was kept for food composition analyses. Each meal component of this meal was weighed, and duplicate samples of 25% of the weight were taken and put in a plastic sampling bag. After samples of all meal components were added, bags were flattened to remove the air, hermetically sealed with tape, and labeled. Subsequently, the sample in the plastic bag was added into an aluminum bag. In total, there were 90 food samples of 100--150 g each in duplicate (for each meal, each treatment, and each period). Samples were stored in a freezer at −30 °C at the study site and after the end of the intervention shipped on dry ice to The Netherlands. Nine composite samples were made containing all 10 meals of 1 treatment per period. The 10 meal samples were therefore thawed and mixed and ground together. Subsequently, samples were freeze-dried and analyzed for the mineral content of iron, zinc, and calcium using Inductive Coupled Plasma-Optical Emission Spectrometry (ICP-OES) (ISO-16,943) at SGS Nederland BV, Spijkenisse, The Netherlands. Vitamin C content was determined by measuring ascorbic acid and dehydroascorbic acid after treatment with DL-homocysteine by Liquid Chromatography With Diode Array Detection (LC-DAD) at Institut Kuhlmann GmbH Analytik-Zentrum Ludwigshaven, Germany. Phytate was measured by spectrophotometric analysis of inositol phosphorus using the Megazyme K-PHYT kit. A factor of 6 was applied to estimate phytate from inositol phosphorus. Mean energy and heme iron content of the meals were calculated using the Nigerian and West African Food Composition tables ([@bib19], [@bib20]) and the USDA nutrient database.

Statistics {#sec2-10}
----------

The sample size was calculated based on data from a previous study with iron-fortified bouillon cubes ([@bib7]) which showed a mean difference in iron bioavailability of 2% between NaPP: Fe ratios 0:1 and 1:1 with a residual SD of 0.242 and a correlation between log iron bioavailability and NaPP ratio of 0.85. Data from this study were used to simulate linear dose-response effects on log transformed iron bioavailability of a range of NaPP: Fe ratios from 0 to 6, using an SD inflated by 10% over the observed SD. The simulation showed that 8 subjects would be needed in order to have a 0.9 chance of detecting a significant result using a 0.05 significance level. In order to balance for ratio order (which needs 9 subjects) and first-order carry over effects (which needs 18 subjects) and to allow for possible drop outs, a sample of 24 women was recommended following Cook et al. ([@bib14]).

The outcomes on iron bioavailability were log transformed and the primary outcome on the dose-response effect was analyzed using a mixed model analysis of variance, where the ratio of NaPP: ^57^Fe was a continuous linear effect with subject as a random effect and day of treatment and ratio of stabilizer to FePP as fixed effects. Subject body weight and baseline BIS on day 1 were used as covariates. The use of CRP and AGP as covariates was also investigated but these were not retained in the model because they did not have a significance level \<0.05. For secondary analyses, the same model was used except that the ratio of NaPP: ^57^Fe was entered as a categorical rather than continuous effect. Because the outcomes of the per protocol and intention-to-treat analyses were similar, we decided to present only the outcomes of the intention-to-treat analyses in this article.

Results {#sec3}
=======

In total, 161 women were screened for eligibility of which 137 were excluded because they did not meet the study criteria, did not show up for deworming, or did not show up during the first day of the study (see [**Figure 1**](#fig1){ref-type="fig"} for study flow chart). Twenty-four women were included in the study of which 1 was excluded from the statistical analyses as she used medication which could interfere with iron absorption and did not consume all study meals. Of the 23 women that were included in the statistical analyses, 21 were 100% compliant in completing meal consumption.

![Flow chart and study design. ^1^Based on serum ferritin analyses measured during the screening in Nigeria. ^2^The first 24 women that were eligible were included in the study, women who showed up later were therefore not randomly assigned. NaPP, sodium pyrophosphate.](nxz003fig1){#fig1}

The women were on average 22.8 y old with a range of 18--35 y and had a BMI of 20.5 kg/m^2^ (see [**Table 1**](#tbl1){ref-type="table"} for baseline characteristics). None of the women were overweight or obese, but 46% of the subjects were anemic, 26% had ID (serum ferritin \<15 µg/L or serum soluble transferrin receptor \>8.3 mg/L), and 17% had BIS \<0 mg/kg bodyweight. Only 1 of the women had increased markers of infection (CRP \>5 mg/L and AGP \>1 g/L).

###### 

Baseline characteristics of study participants

                                     *N*   Mean ± SD
  ---------------------------------- ----- ------------------------------------------------------
  Age, y                             24    22.8 ± 3.9
  Height, m                          24    1.59 ± 0.05
  Weight, kg                         24    52.0 ± 7.0
  Body mass index, kg/m^2^           24    20.5 ± 2.3
  Blood hemoglobin, g/L              24    120.9 ± 8.4
  Serum ferritin, µg/L               23    30.08 ± 20.65
  Serum transferrin receptor, mg/L   23    6.27 ± 1.38
  Body iron stores, mg/kg BW         23    3.54 ± 20.65
  Serum CRP, mg/L                    23    0.30 (0.22, 0.45)^[1](#tb1fn1){ref-type="table-fn"}^
  Serum AGP, mg/L                    23    0.55 ± 0.19

^1^Median (25^th^, 75^th^ percentiles).

Analysis of the bouillon cubes revealed that the total Fe and ^57^Fe content closely met with the targeted value of 2.52 mg Fe with little variation between the cubes intended for the different treatments and study periods (see [**Table 2**](#tbl2){ref-type="table"}). Details of the nutritional composition of the meals can be found in [**Table 3**](#tbl3){ref-type="table"}. The calculated energy content of the breakfasts ranged from 1.8 to 2.6 MJ and that of lunches from 3.6 to 4.0 MJ with an average 0.66 MJ/100 g meal. Meals included on average 54 g muscle tissue from beef or fish per meal, which would provide 0.25 mg heme iron per 100 g meal (data calculated from food composition tables). Food composition analyses showed ranges of 1.4--2.0 mg/100 g meal for total iron, 21--30 mg/100 g for calcium, and 0.8--1.4 mg/100 g for zinc in the 9 meal composites of the different treatments and study periods. Analyzed phytate content was on average 43 mg/100 g meal and ranged from 27 to 56 mg/100 g meal for different treatments and study periods. The molar ratio of phytate: total iron was 2.0:1 on average in the meals. Vitamin C concentrations were below the detection limit of \<1 mg/100 g meal.

###### 

Total iron, isotopic label, and NaPP concentrations of the 3 different types of intrinsically ^57^Fe-labeled bouillon cubes^[1](#tb2fn1){ref-type="table-fn"}^

  Bouillon cube treatment type (molar ratio NaPP: ^57^Fe)   Total iron (mg Fe/cube)   Isotopic label ^57^Fe concentration (% of total iron)
  --------------------------------------------------------- ------------------------- -------------------------------------------------------
  0:1                                                       2.54 ± 0.06               94.3 ± 0.04
  3:1                                                       2.56 ± 0.04               94.4 ± 0.04
  6:1                                                       2.59 ± 0.03               94.3 ± 0.05

^1^Values are means ± SD; *n* = 3 independent samples. FePP, ferric pyrophosphate; NaPP, sodium pyrophosphate.

###### 

Composition of dietary factors influencing iron bioavailability of the 10 study meals by treatment and study period^[1](#tb3fn1){ref-type="table-fn"}^

  Bouillon cube treatment (molar ratio NaPP: ^57^Fe)   Iron (mg/100 g)   Calcium (mg/100 g)   Zinc (mg/100 g)   Phytate (mg/100 g)   Phytate:iron (molar ratio)
  ---------------------------------------------------- ----------------- -------------------- ----------------- -------------------- ----------------------------
  Period 1                                                                                                                           
   0:1                                                 1.9               27                   1.1               45                   2.0:1
   3:1                                                 2.0               29                   1.1               54                   2.2:1
   6:1                                                 1.8               26                   1.1               37                   1.7:1
  Period 2                                                                                                                           
   0:1                                                 2.2               30                   1.4               47                   1.8:1
   3:1                                                 1.4               21                   0.8               53                   3.1:1
   6:1                                                 1.6               22                   0.9               31                   1.7:1
  Period 3                                                                                                                           
   0:1                                                 2.0               29                   1.2               56                   2.4:1
   3:1                                                 1.6               25                   0.9               37                   2.0:1
   6:1                                                 1.8               24                   1.0               27                   1.3:1

^1^Based on calculations from food composition tables, meals contained per 100 g on average 660 KJ and 11.8 g muscle tissue, which would provide 0.25 mg heme iron. For all meal samples of different treatments and periods, vitamin C values were below the detection limit of \<1 mg/100 g. NaPP, sodium pyrophosphate.

There was no dose-response effect of NaPP on the bioavailability of FePP (β ± SE: 0.003 ± 0.028, *P* = 0.45). Iron bioavailability from FePP-fortified bouillon cubes was not significantly different among the 0, 3, and 6 NaPP: ^57^Fe ratios (see [**Figure 2**](#fig2){ref-type="fig"}), with an average for all 3 treatments of 10.5% ranging from 3.4 to 39.1%.

![Bioavailability of FePP (geometric means (95% CI, *n* = 23) from meals prepared with bouillon cubes with 3 different ratios of NaPP:^57^Fe including 0:1, 3:1, and 6:1. NaPP, sodium pyrophosphate.](nxz003fig2){#fig2}

Baseline BIS strongly and inversely correlated with iron bioavailability in both the primary and secondary analyses (β ± SE: --0.0964 ± 0.0266, *P* = 0.0008 for both models), suggesting that an increase of 1 mg/kg bodyweight in BIS would decrease iron bioavailability by 9.2% (see [**Figure 3**](#fig3){ref-type="fig"}).

![Relation between baseline body iron stores of study participants (*n* = 23) and log iron bioavailability (%) from meals prepared with bouillon cubes with 3 different ratios of NaPP:^57^Fe. NaPP, sodium pyrophosphate.](nxz003fig3){#fig3}

Discussion {#sec4}
==========

The current study showed that the bioavailability of iron from meals prepared with FePP-fortified bouillon cubes was on average 10.5% and that increasing amounts of NaPP added to these meals did not result in a significantly higher iron bioavailability. The bioavailability of iron in this study was higher than found in our previous study with a FePP-fortified bouillon drink; in that study, iron bioavailability was 4.4% and increased to 6.4% when NaPP was added in a 1:1 molar ratio to iron ([@bib7]). There are several differences that may explain these divergent findings. First, in the current study the iron-fortified bouillon cubes were provided with typical Nigerian meals that contain dietary factors which influence iron absorption compared with a bouillon drink in the previous study. Although the vitamin C content of the meals could not be detected, most meals contained a piece of meat or fish which could have had a positive effect on iron absorption ([@bib21]). Furthermore, the molar ratio of phytate to iron in the meals was on average 2:1, which is well below the recommended \<6:1 for composite meals to improve iron absorption ([@bib8]). Therefore, the Nigerian meals provided in our study most likely had an overall positive impact on the bioavailability of iron. Secondly, solid foods have a longer gastric transit time than bouillon drinks and therefore there may have been more time for the FePP to dissolve in the gastric acid, resulting in higher iron absorption. Thirdly, the designs of the two studies differed; the current study was a multiple meals isotope study with 10 meals with ^57^Fe provided over a period of 5 d, whereas Cercamondi et al. ([@bib7]) conducted a single meal isotope study. Another multiple meal study also found relatively high bioavailability of iron from composite pearl millet meals ([@bib22]) compared with a single meal radio isotope study with similar meals ([@bib23]). However, it is currently unclear how factors such as study design, food matrix, iron status, and study population would lead to differential effects on iron absorption. The study population was largely Caucasian in the Cercamondi study ([@bib7]). Even though the West-African women in the current study were apparently healthy, almost 50% of them were anemic and some may have been heterozygote for genetic hemoglobin disorders such as thalassemia given the high prevalence of thalassemia in the African region ([@bib24]). Both anemia and some heterozygote thalassemia types have been shown to upregulate iron absorption and could therefore explain the higher iron absorption observed in this study ([@bib25]).

The bioavailability of iron found in this study is more than double that reported in other studies in women consuming test meals containing labeled FePP, where bioavailability was 0.3--3.3%. These studies were all single meal isotope studies and were conducted with a range of different food matrices ([@bib26]). In two of these studies, the addition of vitamin C in a molar ratio of 4 vitamin C:1 iron has been shown to double the iron bioavailability from FePP to 2.3--5.8% ([@bib27], [@bib28]), which is still lower than the iron bioavailability of 10.5% found in the current study. ([@bib34], [@bib35])

Our study did not confirm the enhancing effect of NaPP on the bioavailability of FePP which was found by Cercamondi et al. ([@bib7]). It may be that dietary factors known to influence iron absorption overcome the enhancing effect of NaPP. In fact, these dietary factors were present in abundance in the meals compared with NaPP. This finding implies that the addition of NaPP may only improve the bioavailability of FePP for products consumed under conditions with minimal influence of diet. However, NaPP remains important to ensure optimal sensory, technical, and stability properties of FePP-fortified bouillon cubes.

Our study has several strengths. We chose a multiple dose design with 10 typical Nigerian meals which would best assess the effect of iron fortification in a real-life situation. Cumulative bioavailability over 10 meals takes into account the influence of day-to-day subject physiological variations and meal differences that could affect iron absorption. Another strength of the study was the accurate intrinsic labeling which has the advantage that the isotope iron is incorporated into bouillon cubes in the same way as the FePP in the native fortified bouillon cubes that are on the market ([@bib36]). Finally, the study had a good compliance with 91% of the subjects consuming 100% of the study meals.

A limitation was that upon study completion it was found that screening visit serum ferritin values did not match with those of the blood samples taken at baseline and the end of the intervention, which were analysed at the ETH laboratory in Zurich. Based on ETH data only, 26% of the subjects were iron deficient and 46% had anemia, which is similar to figures reported by the latest food and nutrition survey for Nigeria ([@bib37]). Because of the strong inverse association between BIS and iron bioavailability, also found in our study, it is likely that iron bioavailability would have been even higher than 10.5% if all study participants were iron deficient as targeted for during screening. Furthermore, it could be argued that Nigerian meals, as provided in our study, may not be representative of Nigerian populations from lower socio-economic backgrounds, consuming monotonous diets, high in phytate, with almost no meat or fish. In fact, the consumption of poultry, meat, and seafood varies significantly across Nigeria, with limited consumption in the north ([@bib34], [@bib35]).

In conclusion, the results of the current study are encouraging for the potential effect of FePP-fortified bouillon cubes on improving iron status in low- and middle-income countries. As bouillon cubes are consumed on a regular basis in both urban and rural areas in Africa, these are suitable vehicles to also reach populations most vulnerable to micronutrient deficiencies ([@bib4], [@bib5], [@bib38]). The current study showed a relatively high iron bioavailability, at 10.5%, of FePP-fortified bouillon cubes in typical Nigerian meals, with pieces of meat and fish and containing vegetables which could have provided vitamin C. Iron bioavailability may be lower in meals that are largely based on staple foods. Future research could therefore focus on assessing the efficacy and effectiveness of FePP-fortified bouillon cubes on improving iron status in populations from lower socio-economic backgrounds with low iron intake.
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